Abstract: Due to the complex and non linear character, wastewater treatment process is difficult to be controlled. The demand for removing the pollutant, especially for nitrogen (N) and phosphorus (P), as well as reducing the cost of wastewater treatment plant is an important research theme recently. Thus, in this paper, the benchmark proposed default control strategy and 10 additional control strategies are applied on the combined biological P and N removal Benchmark Simulation Model No.1 (BSM1-P). In addition, according to the results of applying PI controllers, as usual, we also chose the group with the better performance, as well as the default control strategy, to replace the PI controllers with fuzzy controllers. In this way, it can be seen that in all cases the quality of effluent of the controlled process could be improved in some degree; and the fuzzy controllers get a better phosphorus removal.
Introduction
As the human society develops rapidly, the demand for water resources is playing a more and more important role in the civil life and industrial production. Nowadays, stringent legislation for wastewater treatment plants (WWTPs) is currently a top driving force for the development of new treatment technologies and for the optimisation of the existing ones. Meeting stringent concentration requirements for Carbon (C), Nitrogen (N) and Phosphorus (P) discharge with minimal costs has raised the need of a more efficient operation.
However, as a large nonlinear system, WWTPs are subject to complex disturbances, where complicated biological and hydrodynamic phenomena are taking place. Thus it is difficult to achieve the aim to meet the standard of WWTPs effluent quality (EQ) and minimize the operational cost (OC) simultaneously. Many control strategies have been proposed in the literature but their evaluation and comparison are difficult, either practical or based on simulation. Different control algorithms for WWTPs have been introduced over the years. For instance, sufficient nitrification can be maintained by applying a constant aeration flow rate, by controlling the dissolved oxygen (DO) level at a pre-selected set-point or by using a variable DO set-point controller based on ammonia concentration in the last aerobic reactor of the plant [1, 2] .
On the other hand, the denitrification process is usually controlled by manipulating the external carbon flow rate or internal recirculation flow rate based on nitrate concentration in the last anoxic reactor or in the last aerobic reactor [3, 4] . Unfortunately, various plant configurations, influent characteristics and evaluation criteria have been used in the assessment of control algorithms. As all of these factors influence the choice of a control strategy, it is difficult to say which control algorithm is the most appropriate with respect to minimal OC and best EQ, and whether the implementation of complex control algorithms is really necessary. This is caused by many reasons: the variability of influent (both the volume and the chemical component of
Description of BSM1-P
The description could be seen in Fig.1 . Resembling the BSM1 model, the BSM1-P has a process layout of seven biological reactors and one settler. As it is showed in the Fig.1 , the plant lay-out consists of 7 bio-reactors in series followed by a sedimentation tank. Here, Q in means influent, Q e means effluent, Q int means nitrate recycle, Q r means sludge recycle and Q w means waste sludge. The total volume of the biological tanks is 6749 m 3 , the volumes of tanks 1, 2, 3 and 4 are 500 m 3 , 750 m 3 , 750 m 3 and 750 m 3 respectively, which four of them are fully mixed, but not aerated. Tanks 5, 6 and 7 are fully mixed as well as aerated, and their volumes are 1333 m 3 . Aeration of tanks 5, 6 and 7 is achieved by using a maximum K La of 10 h −1 , here K La means oxygen transfer coefficient. In the openloop situation, default K La s of tanks 5 and 6 are equally set to 10 h −1 , and that of tank 7 is set to 2.5 h −1 . Dissolved oxygen (DO or S O 2 ) saturation in arebic tanks is 8 g(-COD)/m 3 . The volume of sedimentation tank is 6000 m 3 , with area of 1500 m 2 and a depth of 4 m; the sedimentation tank is feed at the point of 2.2 m above the bottom. Two internal recycles are also included: Q intr from tank 7 to tank 3 at a default flow rate of 300% of the influent flow rate, and Q r from the underflow of the sedimentation tank to the inffluent of tank 1. The default Q r is equal to the Q in . Besides of Q r , the underfolw of the sedimentation tank is also devided to waste sludge Q w , and the default Q w is 400 m 3 /d. More detailed explanation about the configuration of combined N and P removal plant can be seen in [7] .
Figure 1: Lay-out of the benchmark plant for evaluation of control strategies on combined N and P removal processes
Influent composition
The influent for BSM1-P was generated from the ASM1 influent composition [6, 7] . Besides the concentration of pollutant, another important parameter that will affect the operation of WWTP and should be considered is the volumn of influent, which is affected significantly by weather condition. Thus, in BSM1-P, three weather conditions are taken into account: dry weather, rain weather and storm weather.
Plant performance criteria
It is also necessary to build up a number of indexes to evaluate the performance of the simulated benchmark WWTP studied in this paper. Similar to the original BSM1, the effluent quality index (EQI) for BSM1-P was included P, as calculated by Eqs. (1) and (2) .
In Eq.
(1), t 0 and t f represent the start time and end time of the period of evaluating EQI separately. The pollutant load P U k (kg/d) corresponding to each component k is estimated by Eq. (3).
The factors β k are weighting factors that are attributed to each effluent component. In this paper, the factors were chosen as follows: β T SS = 2; β COD = 1; β BOD = 2; β T KN = 20; β N O 3 = 20; β Ptot = 20. Furthermore, the instantaneous concentrations of the different pollutants C k are calculated by Eqs. (4)- (10) .
C Ptot = S P O4 +i P,SF S F +i P,SI S I +i P,XI X I +i P,XS X S +i P,BM (X H +X P AO +X A )+X P P +(1/4.87)X M eP (10) Here, f S I means fraction of S I from hydrolysis, f XIA , f XIH , f XIP represent fraction of inert COD from X A , X H and X P AO , respectively. In addition, i N,k and i P,k represent N and P fraction in organic component k (k = S F , S I , X I , X S , X H , X A or X P AO ), respectively. The influent quality index (IQ) is calculated in the same way as EQI, but the BOD coefficient in Eq. (6) is modified from 0.25 to 0.65.
Similar to BSM1 the limits for certain components should be provided to evaluate the performance of WWTP in detail. By comparing the simulation output with these limits, we could calculate the number of times that the effluent concentration of a pollutant exceeded the limit during the evaluation period. The limit for P is based on the Danish WWTP effluent standard [7] , whereas other limits are same to the BSM1, i.e., C Ptot =1.5 g P/m 3 ,
In addition, to quantify the cost of WWTP operation, the operating cost index (OCI) was introduced [21] :
In Eq. (11), EQI is the effluent quality index caculated by Eq. (1), AE is aeration energy consumption rate which happens in aerobic tanks 5, 6 and 7, PE is pumping energy consumption rate to maintain wastewater flowing. The unit for AE and PE is kWh/d. P sldg is the sludge production rate (kg/d). Values for AE, PE and P sldg are calculated in a similar way to BSM1 [6] . The α i coefficents are OCI weighting factors. In this paper, α i values are suggested in [21] , i.e. α EQ =50 (Euro/year)/EQI; α AE = α P E =25 (Euro/year)/(kWh/d); α sldg =75 (Euro/year)/(kg TSS/d).
of fuzzy logic control was set by Zadeh in his paper about forty years ago [8] . After that, as the computer science and the tools for dealing with mathematical problems were developing rapidly, Madamni and Assilian applied the first fuzzy control application on a small steam engine [9, 10] . Afterwards, in Japan and USA, and later, in Europe, the fuzzy logic control became more and more popular [19] . Until now, fuzzy controllers have been successfully used in the area of process industries [11] [12] [13] [14] [15] [16] [17] . This control method based on human's experience is achieved in FCs by expressing the control requirements and expounding the control signal in terms of the IF-THEN linguistic rules which belong to the set of rules:
Where the conditions means the present situation of the controlled process dynamics (compared usually with the desired dynamics), and the consequent (conclusion) refers to the action which should be taken -under the form of the control input u -in order to follow the desired dynamics. The set of rules makes up the rule base of the FC.
A typical fuzzy control system is as followed ( In the present study, different forms of fuzzy logic systems for designing FC have been implemented: Mamdani fuzzy inference systems and Sugeno fuzzy inference systems. In a Mamdani fuzzy inference systems [18] , given fuzzy rules: (1) if X is A1 and Y is B1 then Z is C1, (2) if X is A2 and Y is B2 then Z is C2; and the fact: X is X1, Y is Y1, here X1 and Y1 are crisp inputs. Fig. 3 shows how to determine the fuzzy output (dark aera). Different from the conventional mathematical set, which only has two relationships with a certain element (belong to or not belong to), a fuzzy set could also be partly belonged to by an element. In the theory of fuzzy, to describe the relationship between a fuzzy element and a fuzzy set, a grade of membership µ(x) is introduced, and µ(x) = 1 means that the element x totally belongs to a fuzzy set, while µ(x) = 0 means the element x not belongs to the fuzzy set at all. For example, in the Fig. 3 , X1 partly belongs to set A1 and partly belongs set A2, and the grade membership is described by µ(X1|A1) and µ(X1|A2) separately. Similarly, µ(X1|A1) and µ(Y2|B2) represent the grade of membership for Y1 to fuzzy set B1 and B2. This is how to convert crisp inputs to fuzzy inputs, i.e. fuzzification.
Next, we should consider how to determine the conclusions. To do this, we will first consider the recommendations of each given fuzzy rule independently. The membership function for the conclusion reached by rule (1), which we denote by µ (1) , is showed in Fig. 3 and is given by µ (1) (Z) = min{µ(X1|A1), µ(X1|A1)} This membership function µ (1) (Z) can be explained as how big part we should take into consider for the fuzzy set C1. And similarly, we can reach the other membership function for the conclusion by rule (2) . And as the present situation (X is X1 and Y is Y1) is affected by both rule (1) and rule (2) , thus the final decision should be a combination of both membership funcion, as showed in Fig.3 .
According to centroid way, to defuzzify the fuzzy output, we only need to calculate the centroid point of the gray aera: let b i denote the center of the membership function of the sonsequent of rule (i), and let µ(i) denote the area under the membership function µ (i) , the centroid method computes Z1 to be To design a fuzzy controller, at first the input and output variables of the fuzzy controller should be chosen. Normally the input variables are feedback error and higher order derivatives of feedback error, in this paper the feedback error (E) and first order derivative of feedback error (EC) were chosen as inputs of the fuzzy controller. On the other hand the output variables should be controlled inputs of the controlled plant (U), therefore in this case, the K La of the aerobic tanks was chosen as output of the DO fuzzy controller, and the internal recycle rate was chosen as the output of the internal recycle fuzzy controller.
The next step is to choose the membership functions for input and output variable. The shape of membership functions here we chose the triangle functions both for the input variables and for the output variables. It was concluded that in the case of tank 5 the range of E could be fixed from -1.5 g/m 3 to 1.5 g/m 3 , the range of EC could be fixed from -15g/ (m Similarly, this could also be applied on the DO fuzzy controller of tank 6, tank 7 and that of the internal recycle. But in the case of tank 6 and 7, E and EC range the same way, because 942 H. Xu, R. Vilanova 
of the internal recycle is adjusted to 5, which means that only exist NB, NS, O, PS and PB.
The next step was deciding the fuzzy inference mechanism. In the case of 7 parameters of linguistic terms, there are totally 49 control rules formed by if-then clauses. Table. 1(a) shows the detail of control rules, which are same for the entire 3 DO fuzzy controller, whereas Table.1(b) shows the fuzzy control rules for the internal controller. 
Control Configurations
In this paper, at the first part, a series of control strategies are applied on the BSM1-P. As given in [7] , a default control (DC) is simulated as a reference as well as a test for the updated simulation plant. Then 10 additional PI-based control strategies (S1-S10) are applied to compare the performance: the first 5 control strategies (S1-S5) are basic ones, including the DO controller, cascade DO controller, internal recycle flow rate controller, extra carbon resource controller and the waste sludge amount controller, whereas the other 5 control strategies (S6-S10) are generated by combining these basic ones. A detailed description of each control strategy follows below.
Default Control (DC) Strategy
Similar as with the original BSM1, the DC strategy consists of two PI-based control loops: a DO controller in tank 7 and an internal recycle controller. The measured variables are dissolved oxygen of the tank 7 and the concentration of nitrate nitrogen (NO 3 ) of the tank 3 respectively. The controlled variables are same as measured variables, and the set points are DO=2 g/m 3 and NO 3 =1 g/m 3 respectively. The manipulated variables are K La7 and internal recycle Q int respectively. As showed in Fig. 5 . 
Control strategies configurations
A set of 5 basic control strategies (S1 to S5) has also been implemented by using the following control loops respectively:
• S1: PI Controllers of the dissolved oxygen concentration (DO) in the 3 aerobic tanks by regulating the oxygen transfer coefficients (K La ) simultaneously, and the set points are all 2 g/m 3 .Internal recycle loop is left as in the openloop. The configuration is shown in Fig.  6 . Figure 6 : Configuration of S1
• S2: Fig.7 shows the cascade PI control of the ammonia nitrogen of the effluent by manipulating the DO set points in all the aerobic tanks. The set point of effluent ammonia nitrogen concentration is 1 g/m 3 , and the controlled variables are also the K La s of the aerobic tanks. Internal recycle loop is left as in the openloop.
• S3: • S4: Fig.9 shows the control of S N O3 in the tank 4 by manipulating the extra addition carbon resource (Q carb ) into the tank 3. The set point is also 1 g/m 3 . And the internal recycle loop was left as openloop. • S5: Fig.10 shows the control of total suspended solids concentration (X T SS ) in tank 7 by manipulating the wastage sludge flow rate (Q w ). The set point is 4000 g/m 3 . And the internal recycle loop was left as openloop.
Furthermore, 5 extra PI-based control strategies (S6 to S10) generated by combining these basic control strategies are also tested. In detail, the control strategy S6 is to control the DOs in the 3 aerobic tanks as well as internal recycle flow rate by applying S1 and S3 simultaneously. As can be seen in the simulation result, the performance of S2 is not beneficial for the phosphorus removal, which is mainly considered in this work, consequently in all the combined control strategies, none is included S2. The control strategy S7 is obtained by combining S1 and S4, which means control the DO in 3 aerobic tanks and the extra carbon resource in tank 3. Similarly, the control strategy S8 is to combine S1 and S5, S9 is to combine 3 control strategies (S1, S4 and S5). Finally, the last control strategy S10 is generated by combining S1, S3 and S5.
Results and Discussions
The important information of simulation results of PI-based control strategies is showed in the Table. 2. For comparison, it included the simulation result of open loop, default control loop and S1 to S10 control strategies. The effluent quality indexes (EQIs) are showed in the table to judge the overall performance. In detail, the mainly considered components of a certain wastewater treatment plant: ammonia nitrogen (NH 4 ), total amount of nitrogen (N tot ), phosphate (S P O 4 ), the amount of chemical oxygen demand (COD) and the total suspended solids (TSS) being another main factor to evaluate the performance of a WWTP are showed in the table. In addition, the operation cost index (OCI), as a consequence of consuming aeration energy (AE), pumping energy (PE), sludge production and the added carbon volume and metal volume (in this paper, 0 in all case), is also given in the table to compare the control strategies. Since BSM1-P is an updated version of BSM1, from the results it can be seen that in all cases the ammonia nitrogen (NH 4 ), total amount of nitrogen (N tot ) and the chemical oxygen demand (COD) are all under limit amount.
In case of S4 and those that included it: S7 and S9, all the limit concentrations for pollutant components concerned are satisfied. The reason is that extra carbon resource can promote the growth and ability of denitrifying organism and phosphorus accumulating organism (PAO) simultaneously. However because of the added carbon resource, the operational cost indexes (OCI) in these 3 cases are higher than any other case.
In the other cases of PI-based control strategies, it is obvious that, by comparing with the case of openloop, a lower level of ammonia nitrogen concentration in the effluent corresponds a higher level of phosphorus concentration. This is because without extra carbon resource, the only way to decrease the ammonia is to increase the explosion of air, but this will lead a higher level of nitrate nitrogen, which is harmful for the accumulation of phosphorus.
However, the case S5 is an exception, where both S N H 4 and S P O 4 are lower than the case of openloop. Although the phosphorus is still above the limitation, but considering the concentration of ammonia nitrogen is relatively lower than many cases, the consequence is also beneficial. This is because by controlling the waste sludge flow rate more suspended solids, including the organisms, remain in the treatment plant circumstance, which is beneficial for both nitrogen and phosphorus removal. Correspondingly, the COD and TSS in the effluent are higher than other cases. Furthermore, the OCI is the lowest. Fig.11 shows the tradeoff among OCI and EQI for the different PI-based control strategies. In Fig.11 , the horizontal axis means the operational cost index (OCI) and the vertical axis represents the effluent quality index (EQI). Basically, higher operational cost leads to lower effluent quality, which means that the performance of treatment plant is better. From Fig.11 , it is easy to conclude that those strategies including extra carbon flow (S4, S7, S9) cost much more than other ones, but achieve lower effluent pollutant concentration. In fact, the performance of S4 is the best among the 5 basic PI-based control strategies. Among all, S7 and S9 possess the lowest effluent pollutant load without significant difference. However, when analyzing the control strategies combined with the operational cost, the default control, S1, S6, S8 and S10 show a good balance. But the main flaws of them are as followed: the average level of phosphorus in S6 and S8 exceeded the limit amount, and the instant level of phosphorus amount in all the 5 cases violated the limitation for a great partial of the total evaluated time (64.43%, 36.01%, 49.55%, 46.88% and 38.69%, respectively). In Fig.11 , the points that are closer to the origin mean lower effluent quality index with less operational cost, therefor better tradeoff, when choosing the appropriate control, these ones should receive more interest. Hence it is obvious that S10 made the best balance enter OCI and EQI. Fig.12 and Fig.13 show a dynamic plant performance of WWTP for N and P under the PI-based control strategy S10. To make a clear comparison with the fuzzy controller, in these three figures we also added in the time response of certain components of effluent by using fuzzy controllers, which will be anylized below. Fig.12 and Fig.13 show the most concerned component of waste water, nitragen (N) and phosphorus (P) separately. From Fig.12 , we can see that although the average amount of Ntot is satisfied with the requirement according to Table. 2, in some moments the Ntot of effluent violates the limitation. However, the overall performance is rather good. When come to Fig.13 , the outcome is in contrast, the average amount of P of effluent is higher than the desired limit, and neither is there much time satisfying the limitation. So this is the major defect of S10. But considering the overall control performance and the cost of WWTP, S10 still draws a good attention. So in the next step, we focus on replacing the PI controllers of S10 by fuzzy controllers. In addition, since DF, S1, S6 and S8 also get a good comparison of OCI and EQI, as well as a good ability for P removal, as can be seen in the Table.2 and Table. 3, it is also necessary to build up a fuzzy-based controller for these control strategies to see the performance. The procedure and important information of designing fuzzy controller are mentioned in the second part.
The simulation results of fuzzy control strategy are showed in Table. 3, to make a clear comparison, in Table. 3 we also repeat the situation of applying PI-based controllers. From this table, we can see that by applying FCs, the average concentration of P in effluent becomes much lower and satisfies with the requirement. But since the favorable condition for P removal is contrary against the one of N removal, by applying FCs the amount of N rises. However, the average concentration of total N in effluent is still under the limitation (except fuzzy-based S10), this means that FCs are able to satisfy with the requirement of total N and total P simultaneously. In addition, from the table we can also see that by applying FCs, the EQI is lower, but the OCI is higher. To make a clear comparison, Table. 3 also gives a percent (%) of variation of each control strategy against openloop to see in how much degree OCI enlarged as well as EQI reduced. From Table. 3, we can see that in DC by applying fuzzy controllers EQI reduced about 3% more than by applying PI controllers, and OCI only gained 0.6%. In other control configurations, by applying fuzzy controllers, EQI reduced 8%-9% comparing with PI controllers, and OCI gained about 2%-4%. This means fuzzy logic controllers are able to improve the WWPT performance by increasing operational cost, however the degree of improvement is greater than the increase in cost. Fig.14 gives a more clear way to see this conclusion. To see the dynamic plant perform, we can refer to Fig.12 and Fig.13 . It can be concluded that by applying fuzzy controllers in every moment P gets a better removal.
Another phenomenon that is exihibited in Fig.15 and Fig.16 needs to be mentioned, which show effluent concentrations of N and P of WWTP controlled by S1.Since S1 only contains DO controllers, these two pictures can reveal the effect of DO on N and P removal process, because despite of the same setpoint for both PI-based and fuzzy-based controllers, the regulated instantaneous DO could vary according to different type of controllers. From Fig.15 , we can see that the PI controllers are beneficial for the N removal, but in some period (such as Day7 to Day8 and Day13 to Day 14) the concentration of N did not change much, but from Fig.16 we can see that all the time the amount of P by using Fuzzy controllers is below the one by using PI controllers. From this point, the EQI of fuzzy controllers is lower than the PI controllers, as showed in Table. 3. It can be assumed that the process of P removal is more sensitive than the N removal. Based on this assumption, the real concentration of DO in the fuzzy-based S1 at the moment that N keeps the same could draw more interest, because under this condition we can get better removal of P and at the same time do not affect the removal of N.
From the simulation results, we can see that by applying Fuzzy control strategies the performance of WWTP is improved, and fuzzy control strategy could get a better operation result for the wastewater treatment process in some degree.
Conclusions
In this paper, at first a set of PI control strategies has been applied on the BSM1-P waste water treatment plant to maintain the pollution component of effluent within regulations specified limits. Good performance was achieved; it could be proved that the BSM1-P is efficient to simulate the combined P and N removal WWTP. Among the 10 designed PI control strategies, we chose a group that could make a better balance between OCI and EQI (DC, S1,S6, S8 and S10) to test fuzzy logic controllers. From the results we could conclude that by applying FCs the P removal consequent was enhanced. In this way, the most focused on component (P) of the effluent was controlled under the required limit. The results show FC could be efficiently used to control the WWTP, especially for the P removal.
However, in this paper, although a set of fuzzy control strategies was tested on the BSM1-P, the operation was only replacing the FCs to the PI controllers. The control loop was not changed at all and the set points were also the same. But as one of the most studied advanced control strategies, fuzzy logic control could make a better improvement. Therefore, the future work will not only concern to replace the FC to the PI controllers, but also make a combination of fuzzy logic control and PI control. FCs could act as a higher level to make the important decision as a human being, and the basic control loop could be accomplished by PI controller. For example, when we focus on the concentration of P of effluent, it is not necessary to fix the DO of three aerobic tanks to 2 mg/l; high level of DO is beneficial for the P removal, but harmful to the denitrification process which is important for the N removal. Although according to the reference, 2 mg/l of DO is an ideal amount for making the balance between P removal and N removal, however in the real situation there are so many disturbances in the WWTP, it would get a better control performance by adjusting the DO according to the specific situation. In this way, we could get a better balance between P removal and N removal, as well as between OCI and EQI.
